We investigate the Coulomb dissociation of two-neutron halo nuclei, assuming that the excitation of the projectile is to states in the continuum with low energy. The method presented retains all finite-range effects associated with the interactions between the breakup fragments and can use realistic three-body wave functions for the two-neutron halo nuclei. The method is applied to 6 He, at incident energies below 100 MeV/nucleon, and calculations are compared with available data for the ␣-particle energy spectrum following the breakup of 6 He on a heavy target. ͓S0556-2813͑98͒01308-9͔ PACS number͑s͒: 24.10. Eq, 25.60.Ϫt, 25.70.Mn Two-neutron halo nuclei, characterized by small twoneutron separation energies, have recently been the subject of considerable theoretical and experimental attention ͓1-3͔. Particular interest has centered on the possible existence of a soft electric dipole excitation, associated with low-energy oscillation of the two loosely bound neutrons with respect to the core nucleons ͓4͔. For
PACS number͑s͒: 24.10. Eq, 25.60.Ϫt, 25.70.Mn Two-neutron halo nuclei, characterized by small twoneutron separation energies, have recently been the subject of considerable theoretical and experimental attention ͓1-3͔. Particular interest has centered on the possible existence of a soft electric dipole excitation, associated with low-energy oscillation of the two loosely bound neutrons with respect to the core nucleons ͓4͔. For
11
Li there have been several experimental studies using Coulomb excitation on a heavy target ͓5͔. For 6 He such a mode has been discussed theoretically ͓6-8͔ but remains to be observed empirically.
There have been several theoretical analyses, both semiclassical ͓9͔ and quantum mechanical ͓10,11͔, of the Coulomb breakup of two-neutron halo nuclei-particularly for 11 Li. These calculations were not, however, based upon realistic three-body wave functions. Instead, the two halo neutrons were treated as a ''dineutron'' cluster orbiting the core. In addition, a zero-range approximation was assumed in the dineutron-core interaction.
In this paper we present new quantum-mechanical calculations of the Coulomb breakup of the two-neutron halo nucleus 6 He. Our analysis is a extension of the work of Ref. ͓12͔ for three-body projectiles where only a single constituent, the core, is charged. The method presented will be seen to treat fully the finite-range of the interactions between the projectile constituents, before and after dissociation. It also permits the use of realistic correlated three-body wave functions for the halo nuclei.
We will consider the Coulomb dissociation of a twoneutron halo nucleus a by a heavy charged target t within a four-body model. The incident projectile's ground state will be described by a correlated three-body wave function ⌽ a (,r) for the relative motions of the two halo neutrons, 1 and 2, and the assumed structureless charged core c. For 6 He, and also for 11 Li, the total angular momentum J of the two halo neutrons is zero. Additionally we will assume that only the core interacts with the target through a spinindependent point Coulomb interaction V ct (R c ). We adopt the coordinates shown in Fig. 1 .
Within this model, the elastic breakup amplitude in the center of mass ͑c.m.͒ frame, from an incident projectile state k a to a four-body final state with a core momentum បk c , and the two-neutrons having a c.m. wave number k v , relative motion wave number k, total spin S, and projection is states, then, following the analysis of Refs. ͓12,13͔, the adiabatic ͑AD͒ approximation to the four-body wave function ⌿ k a (ϩ) has a particularly simple closed form,
Here ␥ϭ2m n /(2m n ϩm c ) is the ratio of the masses of the valence particles and the projectile, and k a (ϩ) is a Coulomb distorted wave for the incident projectile, but evaluated at coordinate R c and not at its center of mass R. Our adiabatic approximation to the elastic breakup amplitude is obtained upon replacing
It follows, since R v ϭ␣R c ϩ, where ␣ϭm t /(m c ϩm t ), that the adiabatic approximation to the breakup amplitude now factorizes exactly as
where we have introduced the vector Kϭk v Ϫ␥k a , the momentum transferred in the breakup to the motion of the c.m. of the two neutrons. We mention that a similar factored expression was obtained in Ref.
͓14͔ for a two-body projectile using an effective local momentum approximation in the distorted-wave Born approximation ͑DWBA͒ to the breakup amplitude. That expression suffers from an ambiguity in the choice of the direction of this effective momentum. As is discussed elsewhere ͓15͔, the second term in Eq. ͑5͒ can be expressed in terms of the bremsstrahlung integral ͓16͔ and reflects entirely the dynamical component of the amplitude. The projectile structure enters through a three-body vertex function, the first term in Eq. ͑5͒. This is also readily extracted from three-body model calculations of the projectile structure, as follows.
The angular momentum structure of the three-body vertex in configuration space is, e.g., ͓17͔,
͑6͒
and hence the vertex function appearing in Eq. ͑5͒ is ͗K,k͉V͉⌽ a ͘ϭ4 ͚ lLS ͑Ϫi͒ lϩ lLS ͑K,k͒
with lLS ͑K,k͒
It follows from Eq. ͑5͒ that, when substituted in Eq. ͑3͒,
. ͑9͒
A general expression for D 2 (K,k) can be obtained from Eqs. ͑6͒ and ͑7͒, and using Eq. ͑25͒ of Ref. ͓17͔. For 6 He, where the dominant angular momentum configurations in the 0 ϩ ground state wave function are the 0 ϵ 0000 (,r) (Ϸ84%) and 1 ϵ 1111 (,r)(Ϸ11%) components, with the indicated probabilities, then
where P 2 is the Legendre polynomial. The separation energy of the valence neutron͑s͒ plays a crucial role in determining the relative importance of the Coulomb and nuclear breakup contributions ͓10͔. In the breakup of
11
Li and 11 Be, with separation energies of 0.3 and 0.5 MeV, respectively, the dominant reaction mechanism on heavy targets is Coulomb dissociation ͓5,10,18͔. It is interesting, therefore, to consider the situation for 6 He, with its larger two-neutron separation energy of order 1 MeV. In doing so, however, it is critical to use realistic wave functions with the correct breakup threshold.
In the following we will use two 6 He three-body wave functions. These are calculated using the hyperspherical harmonic expansion method, and include hyperharmonics up to K max ϭ20. The first ͑A͒ from Ref. ͓8͔, has a two-neutron separation energy of 0.975 MeV and a root mean squared ͑rms͒ hyper-radius of 5.34 fm. Assuming an ␣ particle rms matter radius of 1.49 fm, this yields a 6 He rms matter radius of 2.50 fm. The second wave function ͑B͒, calculated assuming a modified three-body interaction term, has separation energy 0.985 MeV, rms hyperradius of 4.935 fm, and produces a 6 He nucleus with a smaller rms matter radius of 2.35 fm. These two wave functions, both with the correct breakup threshold, will allow us to gain a first impression of the sensitivity of the Coulomb breakup calculations to the assumed three-body wave function of 6 He. The dominant angleindependent part of the projectile vertex Fig. 2 .
Recently, Balamuth et al. ͓19͔ have measured the ␣-particle energy spectrum following the elastic breakup of 6 He on a Au target at a beam energy of around 65 MeV/ nucleon. The ␣ particle was detected in a very restricted geometry at 5°in the laboratory. The calculated laboratory differential cross sections d 2 /dE ␣ d⍀ ␣ , as a function of E ␣ at ␣ ϭ5°, are shown in We calculate the peak in the energy spectrum at around 264 MeV, slightly higher than the energy of the ␣ particle corresponding to the beam velocity ͑260 MeV͒, whereas the peak in the measured spectrum comes around 244 MeV. We understand that there are two reasons for this. First, the experiment was actually performed at 63.2 MeV/nucleon. Secondly, the target thickness was such as to expect, typically, a 10 MeV energy loss ͓20͔. Upon simply shifting the calculated spectrum by 20 MeV to compensate ͑thick lines͒, the peak positions are seen to be in satisfactory agreement. We conclude, as did the authors in Ref. ͓19͔ , that the nuclear breakup contribution in these 6 He breakup data is substantial.
The grazing angle of incidence for the above reaction is around 3.5°. If it were possible to confine the measurements to more forward angles, below the grazing angle, it might be possible to measure physical observables which are less affected by nuclear breakup contributions. The exclusive neutron angular distribution measured at extreme forward angles, in coincidence with the ␣-particle core and the second neutron, may be one such observable. In Fig. 4 , we show predictions for such exclusive neutron angular distributions d 3 /d⍀ 1 d⍀ 2 d⍀ ␣ as a function of 1 from the Coulomb breakup of 6 He on a Pb target at 40 MeV/nucleon. We use the two different wave functions for 6 He described above. The ␣ particle is detected at a forward angle of 3°and the other neutron at 0°. The grazing angle of incidence on this target at this lower beam energy is around 6°. There is a sideways asymmetry in the calculated neutron angular distributions, with more neutron cross section opposite to the alpha-particle detector. We see also that the magnitudes of the distributions are quite sensitive to the choice of wave functions, and therefore, such measurements can be related to the internal structure of the projectile.
The method developed here can also be used to calculate the dissociation cross sections as a function of the neutron-␣ relative energies, and also the angular correlations between the neutron and ␣ particle fragments. The latter were the subject of recent experimental work at GSI ͓21͔. This type of analysis is important in determining whether the breakup proceeds via resonances in the unbound AϪ1 systems, i.e., 5 He in the case of 6 He breakup. Calculations of these observables are also vital to establish the accuracy with which the resonant nature of the 5 He continuum is treated in the adiabatic approximation used here. Such calculations are in progress and will be presented elsewhere. We point out, however, that such calculations are beyond the scope of zerorange semiclassical and quantum-mechanical dineutron-core reaction models ͓9-11,22͔.
In summary, we have presented a theoretical model for approximate quantum-mechanical calculations of the elastic Coulomb breakup of two-neutron halo nuclei. The method permits a fully finite-range treatment of the three-body projectile breakup vertex and the use of realistic correlated three-body wave functions. We can thus take into account carefully the special structure features associated with halo nuclei. The approximations made are that ͑i͒ only the core particle is charged and interacts with the target, and that this interaction is a point Coulomb interaction and ͑ii͒ that the important excitations of the projectile are to the low-energy continuum, and so can be treated adiabatically. We have presented calculations for the Coulomb dissociation of 6 He. These suggest that nuclear breakup contributions are substantial in the kinematical region covered by the existing data.
